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Blood  viscosity  was  measured  at  low  shear  rates  in  a  modified  G.  D.  M.  vis¬ 
cometer.  At  a  shear  rate  of  0. 01  sec"1,  the  time  required  to  reach  the  maximum 
torque  reading  was  dependent  on  hematocrit  and  plasma  protein  concentrations,  v/hen 
hematocrit  and  ocher  plasma  proteins  were  held  constant,  the  rise  time  was  Inversely 
related  to  the  fibrinogen  concentration.  The  shear* rate  dependence  of  blood  viscosity 
was  attributed  to  two  factors,  namely  the  interactions  between  ceils  and  plasma  pro¬ 
tein  which  predominated  at  low  hematocrits  and  the  direct  cell-cell  interactions  which 
became  more  important  at  high  hematocrits.  The  addition  of  albumin  to  cell  suspen¬ 
sions  caused  a  proportionate  increase  in  viscosity  at  all  shear  rates,  whereas  the 
addition  of  fibrinogen  raised  the  viscosity  preferentially  at  low  shear  raie3.  Suspen¬ 
sions  of  hardened  erythrocytes  showed  much  higher  viscosity  than  normal  cell  suspen¬ 
sions  at  the  same  concentration.  Furthermore,  filters  with  5p  pores  allowed  the 
passage  of  normal  cells  but  not  the  hardened  cells. 

The  early  hemodynamic  changes  in  endotoxin  shock  in  dog3  consisted  primarily 
of  a  marked  constriction  of  small  hepatic  veins  and  venules,  causing  reductions  of 
venous  return,  cardiac  output  and  arterial  pressure.  The  hepatic  venoconstriction  was 
not  dependent  on  sympathetic  activity.  Following  a  partial  recovery,  the  cardiac  out¬ 
put  and  arterial  pressure  decreased  again  at  40  minutes  post- endotoxin.  These  lute 
changes  were  more  pronounced  in  dogs  with  intact  spleen  which  released  erythrocytec 
to  raise  blood  viscosity.  The  plasma  volume  decreased  progressively  in  the  dogs 
with  spleen  but  not  in  the  splenoctomized  dog3. 

Pericardial  tamponade  in  splenectomized  dogs  caused  elevation  of  central 
venous  pressure  and  decreases  of  cardiac  output  and  arterial  pressure.  These  changes 
were  maintained  when  the  pericardial  pressure  was  kept  high  but  showed  partial  recov¬ 
ery  when  the  pericardial  pressure  was  allowed  to  decrease  without  supplementary 
introduction  of  fluid  into  the  pericardial  cavity.  The  blood  volume  remained  essentially 
unchanged  during  tamponade. 
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I.  INFLUENCE  OF  COMPONENTS  OF  BLOOD  ON  ITS  VISCOELASTIC  PROPERTIES 


In  the  past  year,  we  have  continued  and  extended  our  previous  investigations 
(19G4  Progress  Report)  on  the  influence  of  blood  components  on  the  viscoelastic  proper¬ 
ties  of  blood.  The  information  obtained  from  these  studies  not  only  serves  to  elucidate 
the  physiological  determinants  of  the  flow  properties  of  blood  but  also  establishes  a 
baseline  for  investigations  on  pathological  changes  in  shock.  All  viscometric  measure¬ 
ments  were  made  in  the  modified  version  of  a  couette  viscometer  (Gilinson,  Dauwalter 
and  Merrill,  Trans.  Soc.  Rheol.  7:319,  1963),  as  described  in  the  1964  Progress 
Report.  The  shear  rate  used  ranged  from  50  to  0. 01  sec"1  and  the  temperature  was 
37°C.  Blood  samples  were  obtained  from  healthy  human  subjects  and  mongrel  dogs. 
When  whole  blood  was  used  for  viscometric  measurement,  heparin  was  added  as  the 
anticoagulant.  Ringer  suspensions  of  cells  were  prepared  by  washing  (3  times)  the  cells 
in  the  heparinized  blood  samples  with  Ringer's  solution  after  removing  the  plasma. 
Defibrinated  blood  was  made  by  washing  and  then  suspending  Ringer-washed  cells  in 
serum,  which  was  obtained  after  the  clotting  of  non-heparinized  blood.  In  each  type  of 
preparation,  samples  with  different  cell  percentages  were  prepared  by  the  removal  or 
addition  of  the  respective  suspending  media. 
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A.  Time  Dependence  of  Vi3cometric  Behavior  of  Human  Blood. 


In  some  preliminary  experiments  described  in  the  1S54  Progress  Report,  it 
was  found  that  when  blood  viscosity  wa3  determined  at  low  shear  rates,  the  torque 
reading  (proportional  to  shear  stress)  showed  characteristic  time  dependence.  Thus 
after  a  blood  sample  had  been  thoroughly  mixed  and  introduced  into  the  viscometer, 
the  torque  reading  obtained  with  a  constant,  low  shear  rate  first  rose  to  a  maximum 
and  then  declined.  This  time  dependence  of  torque  response  at  low  shear  rates  was  a 
major  subject  of  investigation  in  the  early  part  of  1965.  Fig.  1  shows  the  alterations 
in  torque  reading  with  time  for  whole  blood,  defibrinated  blood  and  Ringer  suspensions 
of  cells  (all  from  the  same  subject  with  the  hematocrit  value  adjusted  to  45%  cells) 
at  a  constant  rate  of  shear  (0. 01  sec"1)  for  30  minutes.  The  torque  reading  for  whole 
blood  and  defibrinated  blood  showed  an  initial  rise  to  a  maximum  and  later  decreased. 
In  this  sample,  low  plateau  readings  were  obtained  between  20  and  30  minutes,  but  in 
some  other  experiments  the  torque  reading  for  whole  blood  showed  a  secondary,  small 
rise  (e.g.  Fig.  2).  As  pointed  out  in  the  1964  Progress  Report,  the  initial  rise  time 
was  longer  for  the  defibrinated  blood  (2. 5  minutes  in  Fig.  1)  than  for  the  whole  blood 
(1  minute  in  Fig.  1).  The  Ringer  suspension  gave  a  maximum  reading  in  less  than  0.  C5 
minute.  The  following  experiments  were  performed  to  evaluate  systematically  the 
influence  of  shear  rate,  hematocrit  and  plasma  proteins  on  the  torque-time  relation¬ 
ship,  especially  with  respect  to  the  initial  rise  time. 
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1.  Shear  Hate  and  Torque-Time  Curve. 

Fig.  2  shows  the  torque-time  curves  at  shear  rates  ranging  from  50  to 
0.01  sec"1  for  a  sample  of  human  whole  blood  (45%  hematocrit).  At  shear  rates  of 
50  and  5  sec"*,  there  was  little  time  dependence  of  torque  readings.  As  the  shear 
rate  was  reduced  to  0. 5  sec"1  and  lower,  the  time  dependence  became  progressively 
more  prominent.  Thus  the  initial  rise  time  became  longer  and  the  slope  of  the  subse¬ 
quent  decline  of  torque  became  steeper. 

Results  obtained  on  the  defibrinated  blood  (45%  aematocrit)  were  qualitatively 
similar  but  quantitatively  different.  Thus  when  the  shear  rate  was  reduced  to  below 
0.05  sec"1,  the  initial  rise  time  for  the  defibrinated  blood  was  much  more  prolonged 
than  that  for  the  whole  blood.  In  Fig.  3,  the  relation  of  the  initial  rise  time  to  shear 
rate  is  shown  for  the  whole  blood,  defibrinated  blood  and  Ringer  cell  suspensions.  It 
can  be  seen  that  with  shear  rates  above  0.2  sec"1,  the  initial  rise  time  was  only  of  the 
order  of  0. 1  minute,  regardless  of  the  shear  rate  and  the  presence  of  plasma  proteins. 
Since  similar  order  of  response  time  was  observed  for  the  standard  oils  obtained  from 
the  National  Bureau  of  Standards,  this  short  time  interval  represented  the  delay 
inherent  in  the  instrument.  At  shear  rates  lower  than  0. 1  sec”1,  the  initial  rise  time 
for  Ringer  suspensions  rose  slightly,  but  was  not  significantly  different  from  that  for 
the  standard  oils.  At  the  lowest  shear  rates,  the  prolongation  of  the  initial  rise  time 
was  more  significant  for  the  whole  blood  and  most  prominent  for  the  defibrinated 
blood  (Fig. 3).  Thus  at  a  shear  rate  of  0.01  sec"1,  the  initial  rise  time  averaged  0.3 
minute  for  Ringer  suspensions  of  cells,  0. 9  minute  for  whole  blood  and  2.6  minutes 
for  defibrinated  blood. 
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2.  Hematocrit  and  Torque- Time  Curve. 

At  any  given  low  shear  rate,  the  time  dependence  of  torque  response  became 
increasingly  pronounced  as  the  hematocrit  was  raised.  For  whole  blood,  defibHnated 
blood  and  Ringer  suspensions  of  cells  the  initial  rise  time  at  45%  hematocrit  and 
0. 05  sec"1  was  under  0. 5  minute  (Fig.  4  lower  panel);  but  when  the  hematocrit  was 
elevated  to  98%  the  initial  rise  time  was  prolonged  to  approximately  1  minute  for  all 
three  types  of  samples.  The  influence  of  hematocrit  value  (upper  panel  of  Fig.  4)  on 
the  initial  rise  time  was  much  stronger  at  0. 01  sec"1.  For  defibrinated  blood,  the 
prolongation  of  the  rise  time  was  most  prominent  when  the  hematocrit  was  raised 
from  25%  to  45%.  For  whole  blood,  the  effect  was  most  marked  between  hematocrit 
values  of  45%  and  70%.  For  Ringer  suspensions,  major  change  occurred  only  when 
the  hematocrit  was  raised  above  70%.  Although  the  rise-time  vs.  hematocrit  relation¬ 
ship  at  0. 01  sec"1  was  different  for  the  three  types  of  preparations,  the  rise  time  at 
a  hematocrit  of  98%  was  essentially  the  same,  regardless  of  the  composition  of  the 
suspending  medium. 

3.  Fibrinogen  and  Torque-Time  Curve. 

From  the  results  described  above,  it  is  seen  that  defibrination  caused  a  major 
alteration  in  the  torque-time  relationship,  especially  at  a  shear  rate  of  0.01  sec-1 
and  a  hematocrit  of  45%  (Figs.  3  and  4).  The  following  experiments  were  conducted 
to  investigate  (a)  whether  the  effect  of  defibrination  was  due  to  the  absence  of  fibrinogen 
or  due  to  the  removal  of  other  clotting  elements  during  defibrination,  and  (b)  the 
quantitative  relationship  between  fibrinogen  concentration  and  the  initial  rise  time. 


-  6  - 


Fibrinogen  was  isolated  and  purified  from  human  plasma  according  tc  the 
method  used  by  Dr.  2.13.  ...eeve  and  hi3  co-workers  at  the  University  of  Colorado 
Medical  Center  (Reeve  and  Roberts,  J.  Gen.  Physiol.  43:414,  1053;  Takeda,  Am.  J. 
Physiol.  206:1223,  1334).  The  purified  fibrinogen  was  dissolved  in  autologous 
heparinized  serum  to  yield  fibrinogen  concentrations  varying  from  0  to  1. 2  g%. 
Autologous  erythrocytes  were  washed  with  Ringer's  solution  twice  and  then  once  with 
the  fibrinogen-serum  medium  before  finally  resuspended  in  the  latter  to  yield  a  hema¬ 
tocrit  of  45%.  The  fibrinogen  concentration  in  the  suspending  media  of  the  final 
samples  was  determined  by  the  method  of  Ratnoff  and  Menzie  (J.  Lab.  Clin.  Med.  37: 
313,  1351).  In  Fig.  5,  Lhe  logarithm  of  the  initial  rise  time  is  plotted  against  the 
fibrinogen  concentration.  As  the  fibrinogen  concentration  was  increased  from  0  to 
0. 5-0.3*%.  the  rise  time  became  progressively  shortened  and  a  linear  relationship 
existed  on  the  semi-log  plot.  The  initial  rise  time  was  reduced  to  0. 2-0. 3  minutes 
with  fibrinogen  concentrations  of  O.5-O.3  g%  and  did  not  decrease  significantly  with 
further  elevation  of  fibrinogen  concentration  to  1.2  g%. 

The  fibrinogen  concentration  in  the  original  plasma  samples  averaged  0.2S  g%. 
Reference  to  Fig.  5  shows  that  the  rise  time  in  the  reconstituted  blood  samples  con¬ 
taining  0.28  g%  of  fibrinogen  in  the  suspending  medium  is  approximately  0.  9  minutes. 
This  is  the  same  time  interval  obtained  in  the  original  whole  blood  without  defibrination 
(Fig.  3).  Therefore  the  addition  of  purified  autologous  fibrinogen  to  deflbrinated  blood 
can  reduce  the  initial  rise  time  to  a  value  comparable  with  that  obtained  in  whole  blood. 
It  is  concluded  that  the  difference  in  the  initial  rise  time  between  whole  blood  and 
uefibrinated  blood  can  be  explained  on  the  basis  of  the  presence  or  absence  of 
fibrinogen. 
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4.  Summary  and  Comments. 

V/hen  whole  blood  was  subjected  to  a  constant  shear  rate  lower  than  0. 5  sec"*, 
the  3hear  3 tress  recorded  3howed  a  time  dependence.  The  time  required  to  attain  a 
maximum  shear  stress  became  progressively  prolonged  at  lower  shear  rates  and 
higher  hematocrits.  The  removal  of  all  plasma  proteins  reduced  the  initial  rise 
time  bu.  the  removal  of  only  fibrinogen  prolonged  the  rise  time.  / 1  a  shear  rate  of 
0. 01  sec-1  and  a  hematocrit  of  45%,  the  rise  time  was  inversely  related  to  Urn  fibrin¬ 
ogen  concentration,  because  of  the  time  dependence  of  the  torque  response  at  low 
shear  rates,  the  viscometric  behavior  of  blood  actually  cannot  be  described  by  a 
single  viscosity  value.  The  viscosity  value  in  the  following  sections  of  this  Ceport 
refers  to  that  calculated  from  the  mardmum  torque  value.  Since  the  rise  time  shows 
marked  dependence  on  plasma  proteins  and  especially  fibrinogen,  it  may  be  an  impor¬ 
tant  rheological  parameter  to  consider  in  shock  when  .he  concentrations  of  fibrinogen 
and  other  pla3ma  proteins  are  altered. 
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1.  Contribution  of  Cell-?rot3in  Interactions  to  ‘.ho  *  Ion- Newtonian  Behavior 
of  Human  E  lood. 

In  the  1834  Progress  Export,  the  viscosity  of  human  whole  blood  was  compared 
v/ith  -linger  suspensions  of  cells  at  shear  rates  from  52  to  0.  052  sec"*-.  These  inves¬ 
tigations  have  been  extended  to  include  defibrinateci  blood,  t. s  shown  in  Fig.  3A  at 
any  given  shear  rate  and  hematocrit,  the  defibrinated  blood  (solid  lines)  showed  lower 
viscosity  ihan  the  whole  blood  (dotted  lines),  indicating  that  the  presence  of  fibrinogen 
caused  an  increase  of  blood  viscosity.  Fig.  3B  shows  the  comparison  between  whole 
blood  (dotted  lines)  and  dinger  suspensions  of  cells  (solid  lines).  The  removal  of  all 
plasma  proteins  caused  a  further  decrease  of  viscosity  man  the  removal  of  fibrinogen 
alone.  In  Fig.  7,  the  relationship  between  shear  rate  and  vi3Coeity  is  shown  as  log-log 
plots  for  the  various  systems  at  hematocrit  values  of  0,45  and  80%.  Plasma,  serum, 
and  dinger  solution  (E  =  0)  were  Newtonian,  i.e.  their  viscosities  were  independent  of 
shear  rates.  At  45%  hematocrit,  dependence  of  viscosity  on  shear  rate  was  almost 
absent  in  linger  suspensions  of  cells,  moderate  in  defibrinated  blood,  and  mos..  pro¬ 
nounced  in  whole  blood.  At  £0%  hematocrit,  the  viscosities  of  all  three  systems  were 
strongly  ar.d  almost  equally  shear-rate  dependent.  These  results  (Figs.  3  and  7) 


indicate  that  at  low  hematocrit  value'  the  non-Newtonian  behavior  of  blood  is  due  pri¬ 


marily  to  the  presence  of  plasma  proteins,  partially  fibrinogen  and  partially  the  other 
proteins.  At  high  hematocrit  values  (e.g.  90%),  the  non-Newtonian  behavior  is  attribut¬ 
able  primarily  to  direct  interactions  among  cells,  withexn  the  necessity  of  the  presence 


of  plasma  proteins. 


Changes  in  blood  viscosity  and  shear  stress  as  the  shear  rate  approaches 
zero  are  important  for  ascertaining  whether  or  not  blood  can  sustain  a  yield  stress 
before  flow  begins.  As  depicted  in  Fig.  7,  down  to  a  shear  rate  of  0. 052  sec-*,  the 
viscosity  of  whole  blood  at  a  normal  hematocrit  apparently  showed  a  continually  upward 
trend,  suggesting  the  existence  of  a  yield  point.  However,  this  suggestion  was  not 
supported  by  measurements  made  at  still  lower  shear  rates.  '.Then  measurements 
were  extended  dovm  to  a  shear  rate  of  0. 01  see-*,  the  log  viscosity-log  shear  rate 
plot  gave  a  sigmoidal  curve  tending  to  reach  plateaus  at  Loth  ends  of  the  shear  rates 
studied  (Fig.  3).  Other  investigators  have  found  that,  at  sufficiently  high  shear  rates 
(above  200-40C  sec*1),  blood  is  similar  to  a  Newtonian  fluid  with  a  constant,  low 
viscosity  (Cernyetal. ,  Am.  J.  Phyoiol.  202:1188,  1332).  The  present  experiments  on 
shear  rates  dovm  to  0. 01  sec*1  suggest  that  at  very  low  rates  blood  again  approaches 
another  Newtonian  region  with  high  viscosity.  If  ouch  a  second  Newtonian  region  with 
a  constant  viscosity  exists,  then  at  zero  shear  rate  the  shear  stress  (viscosity  x 
shear  rate)  also  would  be  zero  without  a  yield  3tre30.  Tn  order  to  study  the  changes 
In  shear  stress  as  the  shear  rate  approaches  zero,  rheological  data  on  blood  often 
have  been  presented  in  the  form  of  the  square  root  of  shear  stress  ( T 1/2)  versus  the 
square  root  of  shear  rate  (  # 1/2)  (Casson,  in  theology  of  Dispersed  Systems,  ed.by 
C.C.  Mills,  1853,  Pergaraon;  Cokelet  et  al.,  Trans.Soa.  -diool.  7:303,  1DG3),  a  plot 
in  which  the  low  ends  of  the  coordinates  are  mathematically  expanded  for  detailed 
examination.  If  a  linear  relationship  exists  between  these  two  variables,  then 


In  equation  1,  Jy1'^2  is  the  intercept  on  the  'J1/2  axis  at  zero  shear  rate,  an..  J y 
thus  represents  the  yield  stress  of  the  system.  / s  shown  in  Jig.  2,  for  whole  blood 
was  a  S|mpje  linear  function  of  ft1/2.  instead  the  J  1/^-  yT/2  curve,  down 
to  a  shear  rate  of  0. 01  sec**,  showed  an  everchanging  slope  convexiag  to  the  j"1/2 
axis.  In  such  a  plot,  any  reasonable  extrapolation  would  pass  through  the  origin  (Fig.  2). 
Therefore  if  measurements  are  made  at  sufficiently  low  shear  rates,  whole  blood  does 
not  have  a  yield  stress  under  the  conditions  of  our  experiments.  In  the  absence  of  such 
low  shear  rate  measurements,  one  may  get  the  impression  that  the  terminal  portion 
of  the  '7'1/2-  jl/2  p’l0t  jS  linear.  If  a  linear  extrapolation  is  made  for  such  a  short 
portion  of  the  curve,  an  "apparent  yield  stress"  would  be  obtained.  In  spite  of  our 
findings  that  blood  had  no  yield  stress,  the  and  if1/2  data  at  two  shear  rates 

(0.52  and  0.052  sec-1)  were  fitted  to  equation  1.  Extrapolation  of  a  straight  line  con¬ 
necting  these  two  points  to  zero  shear  rate  gave  an  intercept  of  ^"e1/2*  This  waa  done 
for  two  reasons:  (a)  to  compare  our  results  with  those  of  other  investigators  (Cokelet 
etaL,  Trans.  Goc.  bheol.  7:307,  1263;  Merrill  et  al. ,  Biophys.  J.  3:130,  1323)  who 
have  used  equation  1  to  analyze  their  rheological  data,  and  (b)  to  gain  an  empirical, 
though  arbitrary,  measure  of  the  degree  of  departure  from  Newtonian  behavior  for  the 
various  systems.  The  y”e  values  thus  calculated  can  be  correlated  with  hematocrit. 

For  whole  blood  and  defibrinated  blood,  with  hematocrits  up  to  80%  (Fig.  10A),  the 
cube  root  of  had  a  linear  relationship  with  the  hematocrit.  These  results  are 
similar  to  those  obtained  by  Merrill  et  al  (Biophys.  J.  3:122,  1963).  At  high  hemato¬ 
crit  values,  the  relationship  between  e  and  henatocrif  was  better  described  by  an 
exponential  function  given  in  Fig.  10B.  It  is  seen  from  Fig.  10A  that  the  hematocrit 
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values  at  which  7"a  became  appreciable  were  approximately  3%  for  whole  blood, 

20%  for  defibrinated  blood,  and  30-40%  for  linger  suspensions  of  cells.  These 
values  were  approximately  the  hematocrits  at  which  non-Newtonain  behavior  first 
appeared  with  increasing  hematocrit  (Figs.  SA  and  GB),  It  is  also  indicated  in 
Fig.  10A  that,  up  to  the  normal  hematocrit  range,  the  y  e  in  whole  blood  was  pri¬ 
marily  due  to  the  presence  of  plasma  proteins  (especially  fibrinogen  )  which  inter¬ 
acted  with  the  cells.  When  the  hematocrit  was  progressively  increased,  thej*^ 
values  for  the  three  systems  (whole  blood,  defibrinated  blood,  and  llinger  suspensions 
of  celto)  became  close  to  one  another,  indicating  the  predominance  of  cell-cell 
interactions  over  cell-protein  interactions.  Therefore  the  relative  contributions 
by  these  two  types  of  interactions  (cell-protein  and  cell-cell)  to  the  empirical  values 
y  e  were  similar  to  their  relative  contributions  to  the  non- Newtonian  behavior  of 
whole  blood,  and  the  value  j'q  can  be  used  as  a  serni -quantitative  description  of  the 
non- Newtonian  behavior  of  blood  systems. 
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2.  Effects  of  Albumin  and  Fibrinogen  on  the  Viscosity  of.  i-Unger 
Suspensions  of  Dog  Cells. 

In  October  and  November  of  1365  a  series  of  collaborative  experiments 
were  performed  with  Dr.  Luddo  Nanninga  (from  the  laboratory  of  Dr.  Mason 
Guest  at  the  University  of  Texas  College  of  Medicine).  These  experiments  were 
designed  to  investigate  the  influence  of  albumin  and  fibrinogen  on  the  viscosity 
of  dog  cell  suspensions.  A  comparison  was  also  made  between  two  types  of 
bovine  fibrinogens,  one  with  profibrinolysin  and  the  other  without  profibrinolysin. 

a.  Effects  of  Albumin.  Purified  dog  albumin  (Pentax  Co.)  was 
added  to  Danger  suspensions  of  dog  cells.  The  final  albumin  concentrations  in 
the  suspensions  ranged  from  2  to  3  g%  and  the  hematocrit  was  45%.  At  any 
given  shear  rate  the  additio ;  of  albumin  increased  the  viscosity  value,  and  the 
increase  can  be  correlated  with  the  albumin  concentration  in  the  suspension  (Fig.  11). 
When  the  viscosity- shear  rate  relationship  was  examined,  it  can  be  seen  that 

the  addition  of  albumin  caused  a  proportionate  increase  in  viscosity  at  all  shear 
rates,  and  there  was  no  significant  change  in  the  non-Newtonian  behavior  of  the 
suspensions  (Fig.  12). 

b.  Effects  of  Dog  Fibrinogen.  Dog  Fibrinogen  was  isolated  and 
purified  (Takeda,  Am.  J.  Physiol.  206:1223,  1364)  and  added  to  the  Dinger  sus¬ 
pension  of  autologous  dog  cells.  The  final  fibrinogen  concentration  in  the  sus¬ 
pending  medium  ranged  from  0  to  0.5  g%  and  the  hematocrit  was  45%.  The 
addition  of  dog  fibrinogen  to  the  Dinger  suspension  of  cells  Caused  &  progressive 
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increase  in  viscosity  (Fig.  13),  especially  at  low  shear  rates.  At  a  shear  rate 
of  50  sec~l  the  viscocity  of  the  suspensions  containing  various  amounts  of  fibrin* 
ogen  did  not  differ  appreciably  from  that  of  the  suspensions  containing  no  fibrino¬ 
gen.  At  a  shear  rate  of  0. 05  sec-1  the  presence  of  0. 23  g%  fibrinogen  raised 
the  viscosity  to  4. 5  times  control.  Still  larger  rise  in  viscosity  was  obtained 
with  further  increases  of  fibrinogen  concentration.  Therefore  fibrinogen 
alone,  in  the  absence  of  other  plasma  proteins,  can  cause  an  increase  in  the 
viscosity  of  cell  suspension.  In  contrast  to  the  albumin,  which  caused  a  propor¬ 
tionate  increase  of  viscosity  at  all  shear  rates,  fibrinogen  increased  viscosity 
preferentially  at  the  low  shear  rates.  Therefore  fibrinogen  is  an  important 
factor  in  causing  the  non- Newtonian  behavior  of  blood. 

c.  Effects  of  Bovine  Fibrinogen.  Two  types  of  bovine  fibrinogen 
preparations  were  made  by  Dr.  Nanninga's  group;  one  contained'  profibrinolysin 
and  the  other  was  free  of  profibrinolysin.  These  fibrinogen  preparations  were 
added  to  the  dog  cell  suspensions  to  yield  concentrations  in  the  suspending 
media  ranging  from  0  to  0.C  g%.  The  addition  of  either  fibrinogen  preparation 
caused  an  increase  in  viscosity  of  the  suspension,  especially  at  the  low  shear 
rate  range.  V/hen  equivalent  fibrinogen  concentrations  were  added,  the  two 
types  of  bovine  fibrinogen  preparations  showed  no  significant  difference  in 
their  effects  on  the  viscosity  of  cell  suspensions  (Fig.  14).  As  in  the  cas3  of 
the  addition  of  dog  fibrinogen,  bovine  fibrinogen  raised  the  viscosity  primarily 
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at  low  shear  rates  (Figs.  14  and  15).  7/hen  the  effects  of  bovine  fibrinogen 
on  the  viscosity  of  dog  cell  suspensions  (Fig.  15)  were  compared  with  those 
of  the  autologous  dog  fibrinogen  (Fig.  13),  there  was  no  significant  difference. 
Therefore  the  species  difference  in  fibrinogen  as  well  as  the  presence  or 
absence  of  profibrinolysin  did  not  affect  the  influence  of  fibrinogen  on  the  vis¬ 
cosity  value  and  the  non- Newtonian  behavior  of  dog  cell  suspensions 

d.  The  Combined  effects  of  Albumin  and  Fibrinogen.  As 
shown  in  Fig.  12,  the  effect  of  adding  both  albumin  and  fibrinogen  to  the  dog 
cell  suspensions,  was  approximately  equal  to  the  sum  of  the  individual  actions 
of  these  two  proteins  when  added  alone.  Therefore  the  effects  of  these  two 
proteins  are  additive. 
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1.  Influence  of  Deform  ability  on  Blood  Viscosity — Studies  on  Hardened  Cells. 

In  the  previous  year,  experiment!:  were  performed  to  compare  the  viscosity 
of  suspensions  of  rigid  polystyrene  latex  particles  and  Tinger  suspension  of  human 
cells  (1C24  Progress  Deport).  At  any  given  shear  rate  and  particle  concentration 
the  viscosity  was  considerably  higher  in  the  late?  suspensions,  suggesting  that  the 
lack  of  particle  deformability  contributed  to  a  higher  viscosity.  Of  course,  latex 
particles  differ  from  human  erythrocytes  not  only  in  deformability  but  also  in  sice, 
chape  and  other  physico-chemical  properties.  In  order  to  investigate  more  directly 
the  influence  of  deformability  on  viscosity  of  coll  suspension,  viscosity  was  measured 
on  suspensions  of  dog  cells  hardened  with  acetaldehyde  (Heard  and  Seaman,  J.  Gen. 
Physiol.  43:535,  1960)  and  compared  with  that  of  suspensions  of  normal,  deformable 
dog  cells.  These  experiment-  were  done  in  September  1335  in  collaboration  with 
Dr.  Geoffrey  Coaman  of  tho  Department  of  Had! other apeutics ,  University  of  Cambridge. 
V/ashed  dog  red  cells  were  suspended  in  acetaldehyde  solution  for  over  3  weeks. 

During  this  time  cross  linkages  were  formed  among  hemoglobin  molecules,  such 
that  the  erythrocyte  became  rigid  and  no  longer  deformable.  The  hardened  cells 
were  thon  washed  and  suspended  in  saline  solution  to  give  cell  concentrations 
ranging  from  0  to  close  to  30%.  The  viscosity  of  those  suspensions  as  well  as  tho 
suspensions  of  normal  dog  cello  was  determined  at  shear  rates  from  50  to  0.05  sec-*. 
As  shown  in  Fig.  13,  tho  viscosity  of  suspensions  of  hardened  dog  cells  did  not  3how 
marked  dependence  on  the  shear  rate.  When  the  coll  concentration  was  higher  than  30%, 


-  13  - 


the  viscosity  of  hardened  dog  cell  suspensions  at  any  given  shear  rate  and  cell  con¬ 
centration  was  much  higher  than  that  of  the  normal  cell  suspensions.  These  experi¬ 
ments  comparing  the  hardened  dog  cells  with  deformable  dog  cells,  both  being  sus¬ 
pended  in  the  same  medium,  offers  a  direct  proof  that  the  deformabillty  of  red  celts 
plays  an  important  role  in  lowering  blood  viscosity  and  facilitating  blood  flow.  In 
the  suspensions  of  normal  dog  cells,  viscosity  measurements  odd  b«  made  with  call 
as  Hifrh  a*?  es%.  in  the  viscosity  of  hardened  cells  containing 

more  than  50%  oells  rose  so  sharply  that  the  viscosity  at  30%  cells  wae  beyond  the 
upper  limit  of  measurement  in  our  instrument. 


-  17  - 


2.  Measurement  of  Deform  ability  by  Microfiltration. 

There  is  abundant  visual  evidence  that  normal  red  eoll3  undergo  deformation 
in  the  blood  stream  (e.g.  Guest  etal.,  Science  142:131c,  1DS3 ;  Branemark  et  al. , 
Biorhcology  1:130, 1C33;  and  others), .and  Frothero  and  Burton  (Biophysical  Journal  2: 
213,  1062,  "The  Pressure  Enquired  to  Deform  Erythrocytes  in  Acid-Citrate-Dextrose") 
have  reported  that  red  cells  readily  pas 3  through  filters  of  5  and  even  3 p  pore  size 
under  low  pressures.  Last  spring  one  of  us  (M.I.G.)  made  numerous  unsuccessful 
attempts  to  confirm  the  experiments  reported  by  Frothero  and  Burton.  vVhen  we  con¬ 
sulted  with  Dr.  Burton  v/e  learned  that  he  too  had  boon  unable  to  repeat  their  earlier 
results. 

In  recent  months  wo  have  tested  metallic  silver  filters  50|i  thick  (Colas  Flo- 
trouics)  and  polycarbonate  3ie’  os  lO^i  illicit  (Fleischer  ot  al. ,  Science  143:383, 1CG5) 
both  with  nominal  pere  size  of  oji.  Flow  rates  of  the  Dinger’s  solution  used  as  diluent 
were  determined  for  each  alter  at  a  specified  head  of  pressure.  The  pressure  was 
controlled  by  (a)  maintaining  a  fluid  column  of  known  height  above  the  filter  (positive 
pressure)  or  (b)  maintaining  a  constant  pressure  below  atmospheric  beneath  the 
filtor(nogativo  pressure).  Next,  cell  suspensions  were  passed  through  the  filter  and 
flow  rate  obtained  as  a  function  of  volume  filtered.  The  erythrocyte  concentration  in 
the  original  suspension  and  the  filtrate  was  determined  in  a  Coulter  Electronic  Counter. 
Figures  17  and  1C  show  tho  results  of  typical  experiments,  whore  flow  rate  a..  .. 
erythrocyte  concentration  have  been  plotted  against  volume  passed.  Normal  dog  or 
human  orythrocytos  susponded  in  Finger’s  solution  at  concentrations  ranging  from 
1000  to  100, 000  cello/cu  mm  corr.o  through  these  oievoo  at  nearly  100%  of  the  original 
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at  filtration  pressures  of  10-11  cm  H2O  (see  Figs.  17  and  18).  With  hardened  red 
cells  (Heard  and  Ceaman,  Biochim.  Biophys.  Acta  53  3GC,  1GSI)  the  filtrate  contained 
no  cells  detectable  with  a  Coulter  Counter,  which  provides  evidence  that  the  pores 
are  smaller  than  the  red  cells. 

•With  suspensions  of  norma!  blood  cells,  the  straight  line  on  the  semi  logarithmic 
plot  indicates  that  the  data  fit  closely  an  equation  of  the  form 

R  •  Bq  exp  (“X  v)» 

where  R0  is  the  initial  flow  rate  and  v  is  the  volume  passed.  The  parameter  \  , 
which  is  the  slope  of  the  line,  is  a  measure  of  the  "clogging  rate"  of  pores  in  the 
filter. 

It  is  likely  that  the  value  of  x  will  depend  on  the  cell  concentration,  size  and 
distribution  of  pores  in  the  filter,  and  on  the  pressure  difference  across  the  filter. 
Other  fac.ors,  such  as  cell  size,  rigidity,  electric  charge,  etc.  may  also  influence  x  • 
Hence,  this  experimental  approach  seems  promising  as  a  tool  for  the  study  of  factors 
influencing  the  flow  properties  of  blood. 

Thanks  to  the  cooperation  of  several  industrial  laboratories,  we  hope  soon  to 
have  additional  filters  and/or  sieves  of  greater  uniformity  and  with  certain  character¬ 
istics  tha»  our  tests  so  far  irdieate  may  be  useful. 

Cr.  Cyrus  Bryant  assisted  in  these  filtr&aon  experiments. 
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Fig.  6.  Relationship  between  the  logarithm  of  viscosity  at  four 
shear  rates  and  the  hematocrit  in  defibrlnated  blood  (A,  solid  lines) 
and  Kinger  suspensions  of  cells  (B,  solid  lines).  The  dotted  lines 
in  A  and  B  represent  tLe  results  on  whole  blood. 
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rig.  7.  Relationship  between  the  logarithm  of  viscosity  and 
the  logarithm  of  shear  rate  for  whole  blood,  defibrinated  blood 
and  Kinger  suspensions  of  cells  at  hematocrits  (10  of  90  and  45%. 
The  lines  marked  H  =  0  represent  the  data  on  plasma  (solid  line), 
serum  (broken  Line)  and  iUnger's  solution  (dotted  line).  Note 
the  Newtonian  behavior  of  the  suspending  media  and  the  relative 
extents  of  departure  from  Newtonian  behavior  in  the  three  blood 
systems  at  H  =  45%  and  at  H  =  90%. 


SHEAR  RaTE  (Sec*1) 

Fig.  8.  Relation  between  the  logarithm  jf  viscosity  and  the  logarithm  of  shear 
rale  (down  to  0.  01  sec"*)  in  a  sample  of  whole  blood. 
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Pig.  'J.  Relationship  between  the  square  root  of  shear  stress  and  the  square 
rool  of  shear  rale  in  a  sample  of  whole  blood  (same  sample  as  in  Fig.  8).  Note 
ihe  ever-changing  slope  pointing  lo  the  (0,0)  origin. 


Fig.  10 

A.  Relationship  between  the  cube 
root  of  Te  and  the  hematocrit.  For 
whole  blood,  a  different  closed  symbol 
is  used  for  the  results  obtained  on 
each  of  5  subjects.  The  linear  regres¬ 
sion  formulae  and  the  coefficients  of 
correlation  (r)  for  whole  blood  and 
defibnnated  blood  (both  up  to  80%  H) 
are  given  in  the  graph.  The  results 
on  Ringer  suspensions  of  cells  show 
a  curvilinear  relationship. 


B.  Relationship  between  the  logarithm 
of  Ti  and  the  hematocrit  for  whole 
blood,  defibrinated  blood  and  Ringer 
suspensions  of  cells.  Note  the  linear¬ 
ity  of  the  results  when  Te  is  higher 
than  0. 01  dyne /cm  ^  (whole  blood  H>32%, 
defibrinatod  blood  H>47%,  and  Uingcr 
suspension  H>65%).  The  linear  regres¬ 
sion  formulae  and  the  coefficients  of 
correlation  (r)  are  given  in  the  graph. 
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II.  EFFECTS  AF  EMOOTOXIf!  P:f  BLOOD  VISCOSITY  AND  OTHEP  HEMDYflAf’IC  FUNCTIONS 

Previous  experiments  (1964  Proqress  Renort)  have  shown  that  endotoxin  shock 
In  the  don  Is  associated  with  a  marked  Increase  In  caoillary  permeability  and  a 
loss  of  fluids  from  the  circulation.  Some  preliminary  exoerlments  were  also  des¬ 
cribed  In  the  1964  Report  to  Indicate  that  the  fluid  loss  was  associated  with  a  de¬ 
crease  In  the  plasma  volume  and  an  Increase  In  blood  viscosity.  In  the  past  year 
these  studies  have  been  extended  and  completed.  The  purpose  of  these  exnerWnts 
was  to  correlate  the  changes  In  blood  vclumei  blood  flowand  blood  viscosity  with 
the  alterations  In  capillary  permeability,  with  the  hope  that  the  fundamental  dis¬ 
turbance  in  endotoxin  shock  can  be  elucidated  and  that  an  Ideal  therapeutic  mea¬ 
sure  can  be  devised.  The  exneriments  were  performed  on  healthy,  monqrel  dogs.  A 
total  of  50  doas  was  used,  of  which  12  had  beer,  splenectomized  and  3  had  been  sym- 
pathectomized  and  splenectomized.  All  operations  had  been  done  at  least  one  month 
prior  to  the  endotoxin  experiments.  The  endotoxin  experiments  were  performed  un¬ 
der  sodium  pentobarbital  anesthesia  (30  mq/kn).  The  various  hemodynamic  measure¬ 
ments  were  made  in  the  controlled  state  and  repeated  followlnn  the  Intravenous  In¬ 
jection  of  Escherichia  coll  endotoxin  (3  mn/kq). 


A.  Cardiac  Output 

The  cardiac  output  was  determined  with  an  Indicator  dilution  method  (Ham- 
..ton,  Handbook  of  Physloloqy,  Section  2,  Volume  I,  Chanter  17,  1962,  Am.  Physiol. 
Soc.)  usinq  Indocyanine  nreen.  Figure  1  summarizes  the  effects  of  £.  colj_  endo¬ 
toxin  on  cardiac  outout  and  other  parameters  of  the  systemic  circulation  In  six 
normal  doqs  (soleen  Intact)  and  ten  splenectoml zed  doqs.  The  Injection  of  endo¬ 
toxin  resulted  In  a  typical  course  of  arterial  hypotension.  Within  5  minutes  the 
arterial  pressure  decreased  to  less  than  40%  of  the  control  and  then  rose  sllnhtly. 


A  secondary  fall  usually  commenced  40  minutes  following  endotoxin  and  was  less  se¬ 
vere  In  the  splenectomized  dons.  The  cardiac  output  underwent  alterations  similar 
to  those  seen  for  the  arterial  pressure.  The  Initial  decrease  In  cardiac  output, 
however,  was  more  severe  than  the  reduction  In  the  arterial  Dressure  and  as  a  re¬ 
sult,  the  calculated  total  peripheral  resistance  (TPP  •  arterial  pressure/ cardiac 
output)  was  approximately  doubled  during  the  first  few  post-ertdo toxin  minutes.  The 
partial  recovery  of  arterial  pressure  between  5  and  40  minutes  was  accompanied  by 
Increases  In  both  cardiac  output  and  TPR.  A  secondary  decrease  In  cardiac  output 
was  prominent  In  the  dogs  with  spleen  but  was  almost  absent  In  the  splenectomized 
dogs.  In  both  qroups  of  animals  TPR  rose  progressively  between  one  and  three 
hours  after  endotoxin  and  the  values  were  hlaher  in  the  dogs  with  spleen.  The 
heart  rate  decreased  significantly  durlnq  the  first  20  minutes  and  then  returned 
toward  the  control  level.  The  stroke  vc1ume  followed  essentially  the  same  time 
course  as  the  cardiac  output.  Following  endotoxin  Injection  the  arterial  cell  Der- 
centage  (hematocrit  corrected  for  plasma  trapping)  became  significantly  elevated 
in  the  dogs  with  spleen  but  not  in  the  splenectomized  dogs. 

Flqure  2  shows  the  results  of  arterial  pressure  and  the  cardiac  output  on  tv/o 
sympathectomi zed- splenectomized  dons.  The  control  arterial  oressure  and  the  car¬ 
diac  output  In  these  two  animals  were  lower  than  those  observed  In  the  splenecto¬ 
mized  dogs  with  symoathetlc  system  Intact  (Fig.  1).  Following  the  injection  of  en¬ 
dotoxin,  these  measurements  decreased  also  In  the  sympathectomi  zed  animals.  After 
the  first  post-endotoxin  hour,  the  cardiac  outout  and  the  arterial  pressure  de¬ 
creased  by  a  greater  percentage  than  In  the  solenectomized  doos  with  symoathetlc 
system  Intact.  The  late  rise  In  TPR  seen  in  the  doos  with  intact  svmnathetlcs  was 
not  observed  in  the  sympathectomi  zed  animals. 
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B.  Venous  Pressures 


Venous  pressures  were  measured  In  the  left  hepatic  vein  (catheterlzed 
under  fluoroscopic  control),  the  portal  vein,  the  Inferior  vena  cava  (below  the 
diaphragm),  the  superior  vena  cava  (at  Its  junction  with  the  right  atrlun),  and 
the  left  Innominate  vein.  Fin.  3  Illustrates  the  averaqe  results  on  venous  pres¬ 
sures  determined  In  the  dogs  with  spleen.  Endotoxin  caused  a  marked  rise  In  por¬ 
tal  venous  pressure.  The  hepatic  venous  oressure  showed  Inconsistent  changes  de¬ 
pending  upon  the  position  of  the  tip  of  the  catheter.  When  the  catheter  was 
wedged  In  the  small  hepatic  veins  the  pressure  change  was  similar  to  that  of  the 
portal  venous  pressure.  When  the  catheter  was  placed  more  centrally,  the  pressure 
rise  became  progressively  smaller.  In  experiments  where  the  tip  of  the  hepatic 
venous  catheter  was  placed  sufficiently  centrally,  the  pressure  decreased  rather 
than  Increased  after  endotoxin  Injection.  The  Increases  In  portal  and  wedged 
hepatic  venous  pressures  usually  reached  peak  values  at  2  minutes  and  returned  to 
control  levels  within  approximately  20  minutes.  The  Inferior  vena  caval  pressure 
Increased  slightly  at  5  minutes  following  endotoxin.  The  pressures  recorded  from 
the  left  Innominate  vein  and  the  superior  vena  cava  were  closely  similar  and 
therefore  orouped  together  In  Flq,  3.  Both  pressures  decreased  significantly  fol¬ 
lowing  endotoxin  and  remained  low  throughout  the  nerlod  of  study.  The  changes  in 
venous  pressures  In  splenectomlzed  dogs  were  essentially  the  sane  as  those  shown 
In  Flq.  3  for  the  dogs  with  spleen  intact.  The  marked  elevation  of  portal  venous 
pressure  seen  during  the  first  few  minutes  after  endotoxin  was  also  observed  In 
the  doo  that  had  been  symoathectomi zed  and  splenectomlzed  (Flo,  4). 

C.  Blood  Viscosity 

The  viscosity  of  heparinized  blood  samples  was  determined  In  the  modl- 


-5- 


fled  GDH  viscometer  at  a  temperature  of  37°C.  The  results  on  a  normal  dog  and  a 
splenectomlzed  doq  are  compared  In  Fig.  5.  In  the  normal  dog  with  Intact  spleen, 
the  Increase  In  arterial  cell  percentage  following  endotoxin  Injection  was  accom¬ 
panied  by  a  rise  In  blood  viscosity.  The  plasma  protein  concentration  dropped  af¬ 
ter  endotoxin  but  rose  later.  When  the  post-endotoxin  results  were  compared  with 
the  viscosity-cell  percentage  relationship  determined  In  the  control  state,  the 
rise  In  viscosity  was  close  to  that  expected  from  the  Increase  In  arterial  cell 
percentage  (Fig.  6).  Actually,  the  first  few  post-endotoxin  samples  tended  to 
have  lower  viscosity  than  the  control  samples  adjusted  to  comparable  cell  oercen- 
tages  (Fig.  6),  and  this  small  difference  can  be  attributed  to  the  decrease  In 
plasma  protein  concentration  seen  In  the  early  oost -endotoxin  period  (Fin.  5).  In 
the  splenectomlzed  dogs  (Fla.  5),  the  arterial  cell  percentage  did  not  rise  and 
the  blood  viscosity  showed  a  slight  decrease  toqether  with  the  plasma  protein  con¬ 
centration.  Table  I  summarizes  the  viscosity  changes  In  five  normal  doos  at  5  min¬ 
utes,  1  hour  and  2  hours  after  endctoxin.  A  close  correlation  between  the  chan¬ 
ges  In  viscosity  and  arterial  cell  percentage  Is  evident.  Fla.  5  also  shows  some 
correlation  between  the  changes  In  blood  viscosity  and  the  total  peripheral  re¬ 
sistance,  especially  In  the  late  stage  of  endotoxin  shock  in  the  normal  doos. 

0.  Total  Blood  Volume 

The  total  blood  volume  was  detenmned  as  the  sum  of  the  cell  volume  and 
the  plasma  volume,  both  of  which  were  measured  directly.  The  cell  volume  was  de¬ 
termined  with  erythrocytes  labeler'  with  Cr^.  The  plasma  volume  was  determined 
with  I13^-labele I  albumin,  T-1824,  and  dextran  with  a  mean  molecular  weight  of 
250,000.  Following  the  intravenous  Injection  of  these  test  substances,  blood  sam¬ 
ples  were  usually  collected  at  10  rinute  intervals  fer  50  minutes  or  longer.  By 
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alternating  the  Injections  of  different  test  substances  for  plasma  volume  mea¬ 
surements,  It  was  possible  to  determine  the  plasma  volume  at  short  Intervals  with¬ 
out  curtailing  the  time-concentration  curve  after  each  Injection.  Simultaneous 
determinations  with  different  substances  showed  good  aoreements  both  before  and 
after  endotoxin. 

1.  Total  Plasma  Volume.  In  the  doos  with  spleen,  the  plasma  volume  decreased 
after  endotoxin  (Flq.  7).  The  decrease  was  considerable  even  after  allowance 
had  been  made  for  the  plasma  removed  In  samollnq.  The  reduction  of  plasma  vol¬ 
ume  became  progressively  qreater  with  time  and  the  loss  was  significantly  Great¬ 
er  1r  the  doqs  that  died  within  200  minutes  after  endotoxin.  In  the  splenecto- 
rl zed  doqs,  plasma  volume  did  not  decrease  significantly  following  endotoxin 
(Flq.  1).  'Jhen  corrections  were  made  for  the  plasma  removed  In  samollnq,  the 
post-endc toxin  plasma  volume  of  «nienector?1zed  doos  was  lamer  than  exnected.  The 
total  circulating  Dlasma  proteins,  calculated  as  the  product  of  the  plasma  volume 
and  the  Dlasma  protein  concentration,  decreased  In  all  doqs  after  endotoxin.  The 
decrease  in  splenectorrized  does  was  attributable  to  the  lowering  of  the  Dlasma 
protein  concentration;  whereas  In  the  doqs  with  soleen  It  was  due  also  In  part  to 
a  reduction  In  plasma  volume.  In  the  non-survivals  the  lamer  reduction  In  plasra 
volume  was  accompanied  by  a  higher  plasma  protein  concentration.  Two  of  the 
three  synpathectomlzed-solenectomlzed  dogs  survived  for  lonoer  than  200  minutes, 
and  one  died  within  this  oerlod.  The  changes  In  plasma  volume  In  the  two  sur¬ 
vivals  (doas  B  and  C  In  Table  I!)  were  essentially  the  s*me  as  the  splenectomlzed 
doqs  with  intact  $yir*tbet1cs,  l.e.  the  post-endotoxin  plasma  volume  was  sllohtlv 
larger  than  that  expected  from  the  control  value  minus  sampllnn  loss.  "Tic  syrfia- 
tbectoeH  zed- splenectcrrlzod  doo  that  died  140  minutes  after  endotoxin  (doq  4,  Ta¬ 
ble  II)  showed  .•  reduction  In  oalsma  volume  'greater  thm  that  exnected  fro*  sawr*- 


ling  loss.  The  total  circulating  plasma  proteins  decreased  In  all  three  doqs,  es¬ 
pecially  In  the  dog  that  succumbed  at  140  minute*:-. 

2.  Total  Cell  Volime.  In  the  doos  with  spleen  the  averane  total  cell  volume 
decreased  only  slightly  after  endotoxin  (Flo,  7).  'hen  corrections  were  made  for 
the  cells  removed  In  sarpllnq,  the  cell  volume  was  found  to  Increase  In  some  ex¬ 
periments.  Such  Increase  In  cell  volume  was  associated  with  a  rise  In  arterial 

cell  percentage  and  a  decrease  In  Cr®^  activity  per  unit  volume  of  erythrocytes 

51 

(Fig.  8).  In  the  experiments  where  there  was  no  Increase  In  cell  volume*  Cr  ac¬ 
tivity  per  unit  volume  of  erythrocytes  remained  constant  e^n  though  the  arterial 
cell  percentage  Increased.  In  the  snlenectonized  dogs,  the  decrease  In  cell  vol¬ 
ume  was  greater  than  that  found  In  the  dons  with  soleen  (Fig.  7).  Even  after 
the  correction  of  sampllnq  loss,  th.. re  was  still  an  average  decrease  of  approxi¬ 
mately  6S  of  the  control  cell  volume.  In  the  syrupthectomlzed-sMenectorlzed  doqs, 
the  post-endotoxin  cell  volume  agreed  well  with  that  expected  from  control  cell 
volume  minus  sanpllnq  loss.  As  In  the  splenectorized  doos,  the  arterial  cell 
percentage  did  not  rise  and  the  Cr5^  activity  nor  unit  volume  of  erythrocytes  did 
not  decrease. 

3.  Total  Blocd  Volume  and  Ftt^s  Factor.  The  total  blood  volume  decreased 
progressively  jfter  endotoxin  (Flo.  9),  even  after  correction  for  Mood  sarmlino. 
Two  and  one-half  hours  after  endotoxin,  the  measured  blood  volurv?  decreased  to  an 
average  of  73*  of  control.  The  doqs  that  did  not  survive  within  200  minutes  had 
lower  blood  volumes.  Since  the  plasma  volume  and  the  cell  volume  were  determined 
simultaneously,  the  overall  cell  percentage  can  be  calculated.  The  ratio  of  the 
overall  cell  percentage  to  the  arterial  cell  percentage,  i.n4  the  F^j^  factor, 
averaged  clcse  to  unit/  In  the  control  staoe  (Taole  HI).  Tbs  measurements  made 
approximately  BO  rinutes  after  endotoxin  showed  ?  ri'-nHicant  decrease  to  an  ?ver- 
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age  value  of  0.90.  In  the  snlenectomized  dons,  the  total  blood  volume  did  not 
decrease  when  corrections  had  been  made  for  the  amount  of  blood  taken  In  sampling 


The  F  ,,  value  averaood  0,88  In  the  control  period  and  showed  a  slanlflcant  de- 
celis 

crease  to  an  average  value  of  0.83  elqhty  minutes  followlno  endotoxin  (Table  III). 
The  total  blood  volume  In  the  two  syroathectovlze J-splenectomlzed  dons  that  sur¬ 
vived  for  lonoer  than  200  minutes  showed  no  decrease  when  correction  was  made  fc..' 
sampling  loss,  whereas  It  decreased  slightly  In  the  dog  that  died  within  this  oer- 
iod  (Table  11 V  The  F^,^  factor  showed  the  same  decrease  as  In  the  solenect' 
ml  zed  dogs  with  Intact  sympathetic*. 


E.  Regional  Blood  Volume 

1.  Central  Blood  Volume.  The  central  blood  volume  was  cal cu’ated  as  the 
product  of  the  central  mean  transit  time  and  the  cardiac  output,  both  of  which 
were  determined  from  the  dye  dilution  curve  (2ierler,  Handbook  of  Physlolooy, 
Section  2,  Vol.  I,  Ch.  18,  1962,  Am.  Physiol.  Soc.).  In  both  the  dons  with  spleen 
and  the  splenectonrtzed  dogs,  the  central  blood  volume  decreased  within  5  minutes 
of  endotoxin  injection  to  approximately  60S  of  the  control  (Fig.  9).  Between  5 
and  40  minutes  the  central  blood  volume  rose  to  about  70S  of  the  control  and  then 
declined  once  again.  The  secondary  decrease  was  more  marked  In  the  dous  with 
spleen.  These  findings  on  central  blood  voliroe  foliated  closely  the  pattern  of 
cardiac  output  and  arterial  pressure  (Fig,  1),  The  central  blood  volume  in  sy»*- 
pathectorized-splenectomlzed  does  showed  a  greater  decrease  than  in  the  doos 
with  Intact  symoatnetlcs  (Flo.  10).  Ir.  all  three  groups  of  animals  studied,  the 
central  blood  volume  was  reduced  by  a  laroer  percentage  than  U  p  total  blood  vol¬ 
ume  throuaheut  the  po^t-endo toxin  pe-lod. 

2.  Splanchnic  Mood  Volume.  The  solanc’wic  blood  volume  was  calculated  as 
the  product  of  the  splanchnic  mean  transit  tlmo  and  t*e  splanchnic  blood  flow. 
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Changes  in  blood  viscosity  and  shear  stress  as  the  shear  rate  approaches 
zero  are  important  for  ascertaining  whether  or  not  blood  con  sustain  a  yield  stress 
before  flow  begins.  As  depicted  in  Fig.  7,  down  to  a  shear  rate  of  0. 052  sec-1,  the 
viscosity  of  whole  blood  at  a  normal  hematocrit  apparently  showed  a  continually  upward 
trend,  suggesting  the  existence  of  a  yield  point.  However,  this  suggestion  was  not 
supported  by  measurements  made  at  still  lower  shear  rates.  '.Then  measurements 
wore  extended  down  to  a  shear  rats  of  0.01  sec”*,  the  log  visco3ity-log  shear  rate 
plot  gave  a  sigmoidal  curve  tending  to  reach  plateaus  at  Loth  ends  of  the  shear  rates 
studied  (Fig.  3).  Other  investigators  have  found  that,  nt  sufficiently  high  shear  rates 
(above  200-40C  see-1),  blood  is  similar  to  a  Newton4 fluid  with  a  constant,  low 
viscosity  (Cerpyetol. ,  Am.  J.  Physiol.  202:1188,  1032).  The  present  experiments  on 
shear  rates  down  to  0. 01  sec”1  suggest  that  at  verv  low  rates  blood  again  approaches 
another  Newtonian  region  with  high  viscosity.  If  ouch  a  second  Newtonian  region  with 
a  constant  viscosity  exists,  then  at  zero  shear  rate  the  shoar  stress  (viscosity  x 
shear  rate)  also  would  bo  zero  without  a  yield  3tro3S.  Tn  order  to  study  the  changes 
in  .ihear  stress  aa  the  she ar  rate  approaches  zero,  rheological  data  on  blood  often 
have  been  presented  in  the  form  of  the  square  root  of  shear  stress  ( T  versu3  the 
square  root  of  shear  rate  (  #  (Gascon,  in  .'Theology  of  .dispersed  Gy3terns,  ed.by 
C.C.  Mills,  105 0,  Pergamon;  Cokelet  et  al.,  Trans.Coc.  .diool.  7:303,  1033),  a  plot 
in  which  tho  low  ends  of  tho  coordinates  are  mathematically  expanded  for  detailed 
examination.  If  a  linear  relationship  exists  between  these  two  variables,  then 

TVl  «  +■  •  ryx  (!) 
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vatlon  of  the  portal  venous  cressure  which  preceded  the  beginning  of  the  decrease 
In  arterial  pressure  by  a  few  seconds.  The  portal  hypertension  was  accompanied  by 
an  Increase  In  the  wedoed  hepatic  venous  pressure  and  a  decrease  of  the  larqer 
hepatic  venous  pressure,  indlcatlno  that  there  was  a  constriction  of  the  hepatic 
venules  or  small  veins.  Furthermore,  the  hepatic  blood  flow  showed  a  marked  reduc¬ 
tion  during  this  early  stage.  The  heoatle  venoconstrlction  beaan  to  subside  ap¬ 
proximately  2  minutes  after  endotoxin  and  essentially  disappeared  In  20  minutes, 
as  evidenced  by  the  return  of  the  portal  and  the  wedoed  hepatic  venous  pressures. 
At  the  same  tine,  the  hepatic  blood  flow  also  recovered  partially.  At  the  peak 
of  hepatic  venoconstrlction,  the  pressure  gradient  between  the  sinusoids  (as  es¬ 
timated  from  the  wedoed  pressure)  and  the  large  henatic  veins  Increased  4-fold 
(Fig.  3)  rnd  the  hepatic  blood  flow  decreased  to  less  than  one-fifth  of  the  con¬ 
trol.  Therefore  the  hepatic  venous  resistance  must  have  Increased  to  at  least 
20  times  normal.  Since  the  elevation  in  portal  venous  pressure  was  also  observed 
in  totally  sympathectomized  dogs  (Fiq,  4),  svmnatheti co-adrenal  activity  cannot  be 
a  significant  factor  in  causl no  the  heoatle  venoconstrictlon.  It  rather  seems 
that  the  sympathetic-adrenal  activity  was  a  result  o^  the  arterial  hypotension 
followina  the  hepatic  venoconstrlction.  Since  T^R  was  elevated  In  the  early  post¬ 
endotoxin  period,  the  decrease  in  arterial  pressure  was  caused  by  the  reduction  in 
cardiac  output.  There  is  evidence  that  cardiac  contractility  Is  not  inpaired  un¬ 
til  the  terminal  staqe  of  endotoxin  shock  (Alicar  et  al_. ,  An,  «,!.  Sure.  103:702, 
1962).  Therefor  the  decrease  In  cardiac  output  resulted  primarily  from  a  dimin¬ 
ished  venous  return.  Since  the  total  blood  volume  measured  In  the  early  st?."e  of 
endotoxin  shock  showed  little  chanoe,  even  In  the  loos  with  snleen,  the  decrease 
In  venous  return  most  likely  was  a  result  of  venoconstrlction  in  the  liver  and 
possltle  also  elsewhere.  As  pointed  out  above,  the  elevation  of  TPP  in  the 
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early  stage  of  endotoxin  shock  was  seen  In  all  three  groups  of  doos  studied,  In¬ 
cluding  the  sympathectomlzed  animals.  Therefore  It  was  not  dependent  upon  sym¬ 
pathetic©-  adrenal  activity.  Furthermore,  during  this  early  stage  blood  viscosity 
did  not  increase,  even  In  the  dog  with  spleen.  Hence  the  rise  In  TPR  was  probably 
due  to  (a)  the  marked  venoconstrlctlon  In  the  liver  and  possibly  also  elsewhere 
and/or  (b)  the  passive  constriction  of  blood  vessels  (arterioles)  as  a  result  of 
the  reduction  of  transluminal  pressure.  In  the  early  stage  of  endotoxin  shock, 
the  heart  rate  decreased  significantly  In  both  the  normal  dogs  and  In  the  splenec- 
tomlzed  dogs  with  Intact  sympathetlcs.  This  bradycardia,  however,  was  much  less 
prominent  In  the  sympathectonrlzed  animals.  These  findings  suggest  that  endotoxin 
caused  bradycardia  primarily  by  a  reduction  In  sympathetic  Impulses  and  only  par¬ 
tially  by  an  Increase  In  vagal  Impulses  to  the  heart. 

In  the  early  stage  of  endotoxin  shock,  the  splanchnic  blood  volume  usually 
Increased.  This  is  In  agreement  with  the  marked  hepatic  venoconstrlctlon  men¬ 
tioned  above.  The  hepatic  venoconstrlctlon,  by  Increasino  the  outflow  resistance 
from  the  splanchnic  circulation,  caused  an  expansion  of  the  splanchnic  blood  vol- 
ime  and  also  a  rise  In  the  capillary  hydrostatic  pressure  In  the  splanchnic  organs. 
The  latter  change  was  responsible  for  the  Increase  of  the  outward  movement  of 
fluids  and  proteins  from  the  capillaries  to  the  Interstitial  space,  and  lymph  flow 
from  the  splanchnic  reqlon  Increased  (1964  Progress  Report).  This  loss  of  protein- 
rich  fluid,  however,  was  balanced  by  an  influx  of  protein-Door  fluid  from  the  kid¬ 
ney  and  possibly  also  other  sites  (1964  Progress  Report).  Therefore  the  nlasma 
protein  concentration  decreased  significantly,  but  the  total  plasma  volume  re¬ 
mained  essentially  unchanged  at  this  time.  The  slight  sequestration  of  erythro¬ 
cytes  found  In  the  splenectomlzed  doos  was  probably  also  due  to  the  severe  hepatic 
venoconstrlctlon  and  stagnation  of  blood  flew  in  the  splanchnic  region.  In  the 
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dogs  with  spleen,  the  sequestration  of  erythrocytes  cannot  be  demonstrated  because 
It  -  'a?  masked  by  the  release  from  the  spleen  of  red  cells  which  had  not  yet  been 
equilibrated  with  the  Injected  Cv^ -erythrocytes.  In  contrast  to  the  expansion 
of  splanchnic  blood  volume,  the  central  blood  volume  showed  a  marked  decrease,  and 
there  was  a  compensatory  volume  shift  within  the  circulation.  In  the  present  ex¬ 
periments,  the  central  venous  pressure  measured  In  the  superior  vena  cava  decrease4 
indicating  an  adequate  cardiac  pumplnq.  The  slight  and  transient  rise  In  the  ab¬ 
dominal  Inferior  vena  caval  pressure  was  attributable  to  a  simultaneous  Increase 
In  the  Intra-abdominal  pressure.  The  latter  was  probably  caused  by  the  pooling  of 
blood  and  fluid  In  the  abdominal  vlscerae  as  well  as  by  chanaes  In  respiratory 
movements, 

G.  Correlation  of  Hemodynamic  Changes  in  the  Late  Stage  of  Endotoxin  Shock. 

As  the  hepatic  venoccnstrlction  subsided,  the  arterial  pressure  and 
cardiac  output  first  returned  toward  normal  but  fell  again  aporoximately  40  min¬ 
utes  after  endotoxin.  Later  than  one  hour  following  endotoxin  injection,  the  ar¬ 
terial  pressure  was  significantly  lower  In  the  normal  than  In  the  snlenectomized 
dogs  (FI q.  1).  As  the  TPR  was  higher  in  the  normal  dogs,  the  lower  arterial  pres¬ 
sure  was  attributable  to  a  smaller  cardiac  output.  In  the  absence  of  any  evidence 
of  cardiac  insufficiency  or  marked  volume  deficiency  (Fig.  7)  at  this  time,  the 
reduction  in  cardiac  output  was  apparently  initiated  by  an  impedance  to  venous  re¬ 
turn.  At  a  time  corresponding  to  the  onset  of  the  secondary  decrease  in  cardiac 
output,  an  increased  segmental  resistance  in  the  small  mesenteric  veins  and  the 
small  veins  in  the  legs  has  been  demonstrated  (fleyer  and  Visscher,  Am.  J.  Physiol. 
202:913,  1962;  Hlnshaw  al_.,  Am.  J.  Physiol,  202:103,  1962),  Such  increases 
in  postcapillary  resistance  can  result  from  several  factors.  First,  endotoxin 
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causes  the  release  of  a  number  of  vasoactive  substances*  Including  histamine, 
which  can  cause  constriction  of  small  veins  In  the  leo  (Haddy,  Am.  J,  Physiol.  198: 
161,  1960).  Second,  sympathetl co-adrenal  discharge  in  endotoxin  shock  also  can 
cause  ve  no  constrict  Ion,  especially  as  endotoxin  shock  progresses  and  vascular  re¬ 
activity  chances  such  that  the  post  capillary  effect  of  catecholamines  Is  enhanced 
and  their  precaplllary  action  diminishes  (Spink  et  aK ,  nroc.  Soc.  Exper.  Biol. 
Med.  112:795,  1963).  Besides  these  humoral  and  neural  Influences  on  the  veins, 
the  postcaplllary  resistance  may  also  rise  as  a  result  of  chances  In  the  flow 
properties  of  the  blood.  Thus  Intravascular  coagulation  may  occur  In  the  venules, 
blocking  the  outflow  from  the  capillaries  (Hardaway  et  al_. ,  Ann.  Surg.  154:791, 
1961).  The  coagulation  process,  once  Initiated,  may  constitute  a  vicious  cycle, 
because  the  slowlno  of  flow  would  further  favor  clotting. 

Another  chanqe  In  flow  property  of  blood  is  found  In  Its  viscosity.  Since 
blood  viscosity  rises  as  the  shear  rate  is  reduced,  a  decrease  in  blood  flow  in 
endotoxin  shock  would  lower  the  shear  rate  and  hence  raise  the  blood  viscosity 
even  if  the  composition  of  the  blood  remained  unchanged.  In  doqs  with  spleen, 
the  contraction  of  this  oraan  caused  a  rise  In  hematocrit  and  this  resulted  In  a 
rise  of  viscosity  at  any  niven  shear  rate  (Fin.  6,  Table  1).  Therefore  in  these 
animals,  the  in  vivo  blood  viscosity  In  the  venules  would  rise  for  two  reasons, 
namely  the  lowering  of  the  shear  rate  and  the  Increase  of  hematocrit.  The  rise 
in  viscosity  caused  an  increase  in  resistance  to  flow,  especially  In  the  pcst- 
caplllary  venules  where  the  shear  rate  Is  low. 

The  above  discussion  Indicates  that  the  vascular  and  blood  changes  in  the 
late  stage  of  endotoxin  shock  can  perpetuate  themselves  In  vicious  cycles,  caus- 
Ino  nrooressive  increase  In  postcaplllary  resistance  and  reduction  in  venous  re¬ 
turn.  The  preferential  increase  In  postcaplllary  resistance  would  favor  the  loss 
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of  fluid  from  the  capillaries.  In  the  dogs  with  soleer,  the  fluid  loss  was  evi¬ 
denced  by  the  progressive  decrease  of  plasma  volume  time  (Fig.  7).  This  plasma 
loss  was  not  accompanied  bv  a  further  lowering  of  the  total  circulating  olasma 
proteins,  Indicating  that  a  protein-poor  fluid  was  lost  from  the  circulation*  The 
fluid  loss  anoravated  the  situation  because  It  on  the  one  hand  Increased  the  hema¬ 
tocrit  and  the  viscosity  and  on  the  other  hand  It  reduced  the  blood  volume.  It 
Is  interest! no  to  note  that  the  dons  that  died  within  200  minutes  had  a  lower 
plasma  volume  and  higher  plasma  nroteln  concentration  and  hematocrit  than  the  sur¬ 
vivals.  Furthermore  the  splenectomlzed  dons,  which  had  a  higher  plasma  volume  and 
showed  hemodllution,  all  survived  for  lonoer  than  200  minutes.  These  results 
point  to  the  importance  of  the  progressive  loss  of  prcteln-noor  plasma  fluid  In 
causing  a  vicious  cycle.  The  greater  loss  of  plasma  fluid  In  the  doos  with  spleen 
seems  tn  indicate  that  this  fluid  loss  was  related  to  the  hlqher  bleed  cell  per¬ 
centage  caused  hy  splenic  contraction  and  the  resulting  deleterious  effects  on  the 
microcirculation.  It  is  nosslble  that  the  presence  of  the  spleen  can  have  other 
detrimental  effects  than  the  simple  release  of  erythrocytes.  It  would  be  Interest¬ 
ing  to  extend  the  present  studies  to  other  animals,  e.o.  monkeys,  in  which  the 
spleen  does  not  store  a  larne  amount  of  erythrocytes.  In  the  doqs  with  spleen, 
although  the  volume  reduction  per  se  did  not  account  entirely  for  the  hemodynamic 
charges  In  endotoyln  shock,  it  played  a  contributory  role  In  the  prooresslve  de¬ 
terioration  of  the  circulation. 

The  preferential  constriction  of  oostcanlllary  vessels  not  only  caused  a  re¬ 
duction  In  total  blood  volume  but  also  a  redistribution  of  blood  volume  In  the  cir¬ 
culation.  Thus  when  arterial  pressure  was  lower  than  50%  of  control,  the  splanch¬ 
nic  blood  volume  Increased  rather  than  decreased.  This  Increase  In  splanchnic 
blood  volume  seems  to  be  due  to  primarily  the  Increase  in  blood  volume  In  the  in- 
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testlne,  since  In  the  late  stare  Intestinal  venoconstrlctlon  has  been  demon¬ 
strated  (Meyer  &  Vlsscher,  Am.  J.  Physiol.  202:913,  1962),  whereas  hepatic  veno¬ 
constrlctlon  had  already  subsided  (Flo.  3).  The  absence  of  any  marked  Increase 
of  splanchnic  blood  volume  In  sympathectorrized  dogs  at  low  arterial  pressure 
(Table  II)  Indicates  that  sympathetic  venoconstrlctlon  played  a  role  In  causing 
the  splanchnic  pooling.  The  greater  tendency  for  splanchnic  pooling  to  occur  In 
the  doos  with  the  spleen  suggests  that  Increases  In  blood  viscosity  (especially 
In  the  oostcaplllary  venules)  contributed  to  this  occurrence.  In  contrast  to  the 
Increase  of  splanchnic  blood  volume  In  the  late  staqe  of  endotoxin  shock,  the 
central  blood  volume  remained  low  throughout  the  entire  period  of  study.  Further¬ 
more  the  per  cent  decrease  of  central  blood  volume  was  always  greater  than  per 
cent  reduction  in  total  blood  volume,  Indicating  that  it  was  a  compensatory  pro¬ 
cess  to  Increase  the  effective  circulating  blood  volume  and  the  venous  return. 

The  late  rise  In  TPR  seen  In  the  splenectomlzed  doos  with  Intact  sympathetic 
system  was  absent  In  the  sympathectomlzed-splenectomized  dogs,  suogestinq  that 
In  the  splenectomlzed  dogs  sympathetic  activity  was  the  major  reason  for  this  late 
resistance  rise.  By  comparing  the  TPR  chanqes  in  the  normal  doqs,  splenectomlzed 
doqs  and  the  sympathectomlzed-splenectomlzed  dogs  (Fig.  1  &  2),  it  Is  seen  that 
the  late  rise  of  TPR  In  normal  doqs  resulted  principally  from  increases  In  he¬ 
matocrit  and  viscosity  and  to  a  lesser  extent  from  sympathetic  vasoconstriction. 
Durinq  the  200  minutes  of  observation  period  after  endotoxin,  none  of  the  12 
splenectomlzed  doqs  died,  whereas  one  of  three  sympathectomized-snlenectomlzed 
dogs  did.  This , together  with  the  maintenance  of  the  higher  cardiac  outout  In 
splenectomlzed  dogs  than  the  sympathectomized-splenectomized  doqs  (Flo.  2),  seems 
to  suqgest  that  sympathetic  activity  was  beneficial  In  the  splenectomlzed  dogs 
given  endotoxin.  The  beneficial  effect  Is  most  likely  the  result  of  the  sympa¬ 
thetic  Influence  on  cardiac  performance.  Althouoh  sympathetic  venoconstrlctlon 
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may  aggravate  the  vicious  cycles  leadlna  to  the  deterioration  of  the  microcircu¬ 
lation  (Llllehel  et  a1_.,  Ann,  Sura.  160:682,  1964),  the  detrimental  effect  was 
not  apparent  In  the  splenectomlzed  dogs  which  did  not  show  a  rise  In  blood  vis¬ 
cosity  followlnq  endotoxin,  In  the  normal  dogs  the  elevations  of  hematocrit  and 
viscosity  already  Increased  the  resistance  to  flow,  and  therefore  further  sym¬ 
pathetic  venoconstrlctlon  can  cause  excessive  derangement  of  the  microcirculation. 
The  vicious  cycles  that  lead  to  circulatory  deterioration  In  the  late  stage  of  en¬ 
dotoxin  shock  are  summarized  In  Fig,  12, 
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HI.  HEMODYNAMIC  EFFECT*  OF  PERICARDIAL  TAMPONADE 

The  hemodynamic  changes  produced  by  the  Introduction  of  a  constant  volume  of 
saline  Into  the  pericardial  cavity  has  been  compared  with  similar  changes  produced 
by  the  maintenance  of  a  constant  fluid  pressure  within  this  cavity.  Monarel  dogs 
were  operated  upon  at  least  10  days  prior  to  the  experiment.*  Durlno  the  operation 
the  soleen  was  removed  and  a  catheter  tied  Into  the  pericardial  cavity.  The  cath¬ 
eter  was  exteriorized  throuqh  the  thoracic  wall,  sealed  and  sewn  under  the  sklr. 

On  the  day  of  the  exDeriment  this  catheter  was  exposed  under  pentobarbital  anes¬ 
thesia,  attached  to  a  saline  reservoir  and  fluid  (saline  at  37°C)  was  pumped  Into 
the  space.  The  fluid  volume  administered  was  constant  In  4  experiments  and  variable 
In  the  other  4  with  an  attempt  to  maintain  a  constant  pericardial  pressure.  The 
hemodynamic  changes  resulting  from  these  two  procedures  were  recorded  and  compared. 

A.  Pericardial  and  Central  Venous  Pressure 

During  the  control  period,  the  oeri cardial  pressure  and  central  venous 
pressure  were  slightly  below  zero.  With  the  onset  of  tamponade  they  Increased  to 
a  positive  value  of  approximately  13-14  cm  saline.  The  pericardial  pressure  was 
generally  slightly  higher  than  the  central  venous  pressure  In  both  the  constant 
pressure  and  constant  volume  series  (Fin,  13).  During  the  two  hour  period  of  the 
constant  volume  tamponade,  both  pericardial  and  central  venous  pressures  decreased 
to  near  zero.  In  the  constant  pressure  series  such  a  decrease  was  not  observed 
because  of  the  further  introduction  of  saline, 

B.  Arterial  Pressure 

As  the  nerl cardial  and  central  venous  pressures  were  elevated  immediately 
following  the  onset  of  the  tamponade,  both  arterial  pressure  and  pulse  pressure 

*  The  collaboration  of  Dr.  Robert  T,  Dotter  of  the  Oent.  of  Surgery,  Brooklyn- 
Cumberland  Hospital  who  did  the  surgical  oreoaratlon  of  the  dons  is  gratefully  ac¬ 
knowledged. 


showed  a  marked  reduction  from  the  control  values.  The  maintenance  of  constant 
pericardial  and  central  venous  pressures  did  not  allow  as  much  recovery  of  the  ar¬ 
terial  pressure  as  In  the  constant  volume  experiments  where  the  arterial  pressure 
returned  almost  to  the  control  level  durlna  the  two  hour  neriod  of  tanoonade  (Flo. 
13).  The  pulse  pressure  showed  only  a  limited  recovery  durlnq  constant  pressure 
tamponade  but  Increased  markedly  after  the  tamoonade  was  released.  This  differs 
from  constant  volume  tamponade  where  the  pulse  pressure  aradually  returned  toward 
normal  and  did  not  show  a  marked  Increase  foil owl nq  the  removal  of  the  saline. 

C.  Cardiac  Output 

The  cardiac  output  decreased  and  total  peripheral  resistance  Increased 
at  the  onset  of  tamponade  In  both  series  of  experiments.  The  constant  volume  ex¬ 
periments  showed  a  continuous  recovery  of  both  the  cardiac  output  and  peripheral 
resistance  durinq  the  tamponade  period  and  both  returned  almost  to  control  levels 
after  the  release  of  the  tamponade.  The  constant  pressure  series  showed  almost 
no  recovery  of  either  cardiac  output  or  total  peripheral  resistance  durinq  the 
two  hour  period,  but  fo1lowinq  the  release  the  cardiac  output  Increased  to  140%  of 
control  and  the  peripheral  resistance  d  leased  to  50*  o*  control.  During  the  sub¬ 
sequent  hour  these  values  qradually  returned  to  control  levels  (Fig.  14).  In  both 
series  of  experiments  the  heart  rate  showed  an  initial  droo,  followed  by  a  pro- 
oresslve  Increase  attaininq  a  maximum  value  of  approximately  110-120*  of  control 
at  the  termination  of  the  tamponade.  The  heart  rate  returned  aonroxlmately  to  con¬ 
trol  values  durino  the  nost  tamponade  period. 

D.  Oxynen  Consumption 

The  oxygjn  consumption  decreased  by  approximately  50*  at  the  onset  of  the 
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tamponade  In  both  the  constant  volune  and  constant  Dressure  experiments  (Fla.  14) . 

In  both  series  of  experiments  the  oxyoen  consumption  recovered  to  approximately  90% 
of  the  control  value  durlnq  the  two  hour  nerlod  of  the  tamponade.  Follot-ino  release 
the  control  values  were  once  aoaln  attained, 

E.  Plasma  Protein  Concentration  and  Hematocrit 

Immediately  after  the  onset  of  tamponade  of  both  types,  both  the  plasma 
protein  concentration  and  the  hematocrit  beaan  to  decrease  in  a  parallel  manner, 
with  the  changes  help"  q^ter  in  the  constant  oressure  experiments.  These  cnanoes 
were  complete  In  approximately  30  minutes  (Fla.  15),  Durina  the  remainder  of  the 
tamponade  oerlod  and  also  after  the  release,  there  was  no  significant  chanqe  In 
hematocrit.  There  aopears  to  be  a  sliqht  recovery  of  the  plasma  oroteip  concentra¬ 
tion  in  the  constant  volume  series  durinc  the  remainder  of  the  two  hour  oeriod  and 
also  follwino  release.  This  recoverv  is  not  evident  in  the  constant  Pressure  ex¬ 
periments  except  durina  the  post  tamponade  period. 

F.  Total  Blood  Volune 

The  plasma  volume,  cell  volume,  total  blood  volume,  total  plasma  proteins 
and  overall  Fce]]s  factor  are  presented  in  Table  IV  where  the  control  values  are 
compared  with  those  durlnq  the  tamponade  in  both  series  of  experiments.  The  total 
blood  volume  (ml/ko)  increased  by  a  qreater  decree  in  the  constant  pressure  series 
th?r  in  the  constant  volume  series  and  the  increase  can  be  attributed  to  the  ex¬ 
pansion  of  the  plasma  volune  due  to  the  bemodi lutlon.  The  decrease  in  cell  volume 
is  accounted  for  by  samnllnq  loss.  The  total  olasm?  proteins  and  overall  ^cens 
factor  both  showed  a  decrease  durinq  the  tamponaoe  when  cemnared  to  the  control  val¬ 
ues. 
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6.  Central  Blood  Volume 


The  central  blood  volume  decreased  to  aoproximately  75%  of  the  control 
value  lumedlately  following  the  onset  of  the  tamponade  (Fig.  16)*  but  recovered 
somewhat  In  the  constant  volume  experiments  during  the  two  hour  period  and  also 
after  release,  but  never  returned  to  the  control  value.  In  the  constant  pressure 
experiments  there  was  almost  no  recovery  durlnq  the  tmnponade  period,  but  followlna 
release  the  central  blood  volume  Increased  to  a  value  greater  than  the  control  and 
then  nradually  ^creased  durim  the  remainder  of  the  post  tamponade  period.  Fig. 

16  also  shows  the  central  mean  circulation  times,  which  Increased  In  both  series, 
the  recovery  belna  oreater  when  the  pericardial  fluid  volume  was  held  constant. 

If  the  oressure  was  maintained  constant,  there  was  much  less  recovery  during  the 
twc  hour  period,  v-ut  a  marked  recover/  tc  alaost  control  values  upon  the  release 
of  the  tamponade. 

H.  Comparison  °*  Constant  Volume  and  Constant  Pressure  Experiments 

The  increase  In  pericardial  and  central  venous  pressures,  bv  the  punolnq 
of  saline  into  tie  oeri cardial  cavity,  Is  sufficient  to  impede  venous  return  to 
the  right  atrium  and  thereby  produces  a  striking  dron  in  cardiac  cutout.  In  addi¬ 
tion  to  the  reduced  venous  flow  there  is  a  moderate  reduction  In  heart  rate  during 
the  f* r$t  15  minutes  of  the  tarDonade,  which  also  contributes  to  the  reduction  in 
cardiac  out  out.  The  "educed  blond  flow,  desoite  the  inc^ase  In  total  oerloheral 
resistance,  results  in  an  immediate  and  marked  drop  in  arterial  oressure.  This 
decrease  activates  the  baroreceotor  mechanisms  producing  an  Increase  In  heart  rate 
which  eventually  exceeds  the  control  values.  The  cxvoen  consumption  drops  initial¬ 
ly  because  o*  the  reduced  blood  flow  but  recovers  during  the  course  of  the  exper¬ 
iment  almost  to  the  control  *alur ,  Since  the  recovery  a*  e^yoen  consu-^tion  was 


greater  than  that  of  the  cardiac  outnut,  the  oxvnen  extraction  from  the  blood  must 
have  increased,  especially  in  the  constant  p res rvre  experiments.  Coincident  with 
the  onset  of  the  tamponade  there  Is  an  Increase  in  respiration  rate  and  respiratory 
minute  volume.  A  comparison  of  the  two  series  of  experiments  shows  that  In  the 
constant  volume  series,  the  pericardial  and  central  venous  pressures  continuously 
and  gradually  decline  over  the  period  of  the  tamponade,  also  allowina  a  recovery 
of  the  reduced  cardiac  output  by  approximately  40%.  As  the  cardiac  output  and  ar¬ 
terial  pressure  recover,  the  total  peripheral  resistance  also  decreases  progres¬ 
sively  in  the  constant  volume  experiments.  By  contrast,  in  the  constant  pressure 
experiments  the  pericardial  and  central  venous  pressures  remain  elevated  and  the 
reduced  cardiac  output  and  the  elevated  total  peripheral  resistance  do  not  change 
throughout  the  course  of  the  experiment.  The  arterial  pressure  also  recovers  to 
a  lesser  extent  in  these  experiments.  The  decrease  In  both  pericardial  and  central 
venous  pressures  during  the  period  of  the  tamponade  may  be  explained  by  two  pos¬ 
sible  causes.  Firstly,  there  may  be  a  leakage  or  absorption  of  fluid  from  the 
pericardial  cavity,  producing  a  reduced  volume.  Secondly,  there  may  be  a  chance 
in  the  size  or  shaoe  yf  the  heart  or  pericardium  as  an  adaption  to  the  fluid  pumped 
Into  the  cavity.  However,  with  few  exceptions,  the  volume  recovered  from  the  peri¬ 
cardium  was  less  than  the  volume  pumped  into  It,  showina  that  some  leakaae  or  ab¬ 
sorption  must  have  occurred.  This  loss  in  volume  could  only  be  a  partial  explana¬ 
tion  of  the  reduction  in  pericardial  and  central  venous  pressures,  since  the  sa¬ 
line  volume  required  to  maintain  the  constant  pressure  was  much  laraer  than  that 
unrecovered. 

The  reduced  arterial  pressure  and  the  Increased  sympathetic  activity  probably 
facilitated  entrance  of  fluid  from  the  tissues  which  expanded  the  plasma  volume  and 
lowered  the  arterial  hematocrit  and  plasaa  protein  concentration.  Therefore,  in 
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pericardial  tamponade,  with  the  arterial  nressure  reduced  and  the  venous  oressure 
elevated,  the  capillary  hydrostatic  pressure  apparently  falls.  The  decrease  in 
capillary  pressure  may  be  partially  due  to  an  increase  in  the  pre-/DOSt-cap111ary 
resistance  ratio.  A  comparison  of  the  two  series  of  experiments  Indicates  that 
the  degree  of  hfcmodllutlon  is  greater  in  the  constant  pressure  series  (Fig.  15, 
Table  IV),  indlcatlno  that  the  capillary  pressure  is  lower  in  these  experiments. 
Since  the  elevation  of  total  peripheral  resistacce  is  also  higher  in  these  exper¬ 
iments,  it  is  suggested  that  the  elevation  of  total  peripheral  resistance  affects 
preferentially  the  precapillary  segment.  The  fluid  infux  involves  primarily  a 
protein-free  fluid  since  the  total  plasma  proteins  (gm/kg)  do  not  Increase  in  both 
series  of  experiments.  The  decrease  in  central  bood  volume  in  the  face  of  a  total 
blood  volume  greater  than  normal  indicates  that  pericardial  tamponade  causes  a 
redistribution  of  regional  blood  volume  in  the  circulation. 
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TABLE  I.  EFFECTS  OF  ENDOTOXIN  ON  BLOOD  VISCOSITY  IN  5  NORMAL  DOCS* 


Blood  Viscosity  (centlpoises) 

Arterial 

cell  % 

Shear  rate  ■  50  sec"^ 

5  sec'^ 

0.5  sec*^ 

0.05  sec“^ 

Control  5.9±0,8 

11.5±2.0 

33±7 

82±24 

44.0±4.4 

After  endotoxin  (change  from  control) 

5  min.  -0.6±0.2 

-1.4±0.7 

-6±3 

-15±  5 

-2.7±1 .2 

1  hr.  +2.5+0, 5 

+6.6±1 .7 

+25±7 

+61 ±11 

+12.7±3,5 

2  hr.  +3.7±0.8 

+9.6±2.1 

+36±8 

+103±19 

+15.9±3.9 

*  Values  are  means  ±  S.E.fl. 


TABLE  II.  EFFECTS  OF  ENDOTOXIN  ON  BLOOD  VOLUME  IN  SYMPATHECTOMIZED-SPLENECTOMIZED 

DOGS 


Doq 

No. 

Time  Total  Blood  Volume 
(min.)  PV(ml)  CV(ml) 

Art. 
cell  % 

<p.p.) 

(gm  %) 

Splanch. 

BV(ml) 

MAP 

(mm  Hq) 

A* 

control 

489 

260 

39.9 

5.86 

no 

40' 

407 

248 

42.4 

5,35 

- 

40 

B 

control 

763 

408 

40.0 

5,86 

232 

110 

17' 

746 

385 

41,5 

5.25 

85 

45 

90  s 

726 

367 

41.0 

5.00 

91 

35 

C 

control 

475 

275 

42.1 

5.86 

126 

125 

45* 

495 

251 

41.0 

5.00 

58 

35 

110' 

455 

206 

38.0 

4.70 

147 

25 

* 


Died  140  minutes  after  endotoxin 


TABLE  III.  F 


FACTOR  IN  ENDOTOXIN  SHOCK 


cells 


Dog  No.  Control  F  ce^s  Endotoxin  F  ce]-|s  E  -  C 


1 

1.15 

Dogs  with  spleen 

1.03 

-0.12 

2 

0.97 

0.84 

-0.13 

11 

0.91 

0.84 

-0.02 

12 

0.94 

0.93 

-0.01 

13 

1.00 

0.85 

-0.15 

19 

1.06 

0.91 

-0.15 

20 

1.01 

0.78 

-0.23 

21 

1.02 

0.94 

-0.08 

Mean 

1.01 

0.90 

-0.11(P<0.01) 

3 

0.85 

Splenectomized  Doqs 

0.87 

+0.02 

4 

0.86 

0.82 

-0.04 

5 

0.91 

0.91 

±0,00 

6 

0.85 

0.84  _ 

-0.01 

9 

0.86- 

0.81  /  A 

-0.05 

10 

0.93 

0.83/  1 

-0.10 

22 

0.88 

0.8T 

-0.07 

23 

0.92 

o.aer 

-0.08 

24 

0.93 

0.80 

-0.13 

Mean 

0.88 

0.83 

-0.05(P<0.01) 

TABLE  IV.  EFFECTS  OF  PERICARDIAL  TAMPONADE  ON  BLOOD  VOLUME 

Constant  Pressure 

Constant  Volume 

(n  =  4) 

(n  •  4) 

Cont.  Tamp. 

Cont.  Tamp. 

Plasma  volume  (ml/kc) 

48.3 

54.2 

47.5 

50.3 

Cell  volume  (ml/kq) 

29.7 

28.6 

32.0 

30.2 

Blood  volume  ( tM/kq) 

78.0 

82,8 

79.5 

80.5 

Total  plasma  proteins  (air/kq) 

2.99 

2.82 

2.76 

2.56 

F cells  fact0'- 

0.90 

0.85 

0.91 

0.87 

OF  CONTROL 


) 


fin.  1.  Effects  of  endotoxin  (nlven  at  zero  time)  on  hemodyna¬ 
mic  functions  in  6  normal  (Sp,  in,,  circles)  and  10  snlenec- 
tomlzed  (SnX,  crosses)  dons.  The  numbers  represent  the  means 
t  s.E.M.  for  the  control  measurements.  There  is  no  slonlfl- 
cant  difference  between  the  control  values  of  the  two  orouns 
except  the  arterial  cell  oercentaoe  which  is  hloher  In  the 
normal  dons  (Student  t  test,  P<0.01).  The  post-endotoxin  val¬ 
ues  are  plotted  as  *.  of  control  and  the  vertical  bars  repre¬ 
sent  ^.E.M.  '/hen  the  P  value  for  the  difference  between  nor¬ 
mal  dons  and  snlenectoml zed  dons  Is  less  than  0.05,  closed 
circles  are  used  for  the  results  on  normal  dons.  Peolnninn 
at  30-G0  minutes  after  endotoxin,  the  normal  doos  had  lower 
arterial  pressure,  cardiac  outnut  and  stroke  volume  as  well 
as  hinher  TPR  (total  peripheral  resistance)  and  arterial  cell  X. 


OF  CONTROL 


OF  CONTROL 


0  60  120  100  0  60  120  180 
MINUTES  AFTER  endoto^n 


Fin.  ?.  ? fleets  of  endotoxin  (nlven  at  arrows)  on  the  ne"o- 
dynanc  functions  of  2  svrcathectoml  zed-solenecto-’l  zed  dc -s. 

The  control  values  for  these  2  dons  are  nlven  (cardiac  outnut 
and  T°9  on  a  10-kn  basis).  They  had  lower  control  arterial 
pressure  and  cardiac  outout  than  the  snlenectoni zed  dons  with 
intact  syrmatheti  cs  (Fin.  1),  but  comparable  control  Tnr'  and 
arterial  cell  *.  ”he  nost-endotoxln  chanoes  seen  In  the  snlcn- 
ec  tori  zed  dons  <rm.  1)  arc  shown  as  shaded  area4;  for  cornar- 
1  Son. 


%  OF  CONTROL 
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TIME  (  Minutes  ) 

Tin.  3.  Effects  of  endotoxin  (E)  on  venous  pressures  in  nor¬ 
mal  dons.  The  number  of  dons  used  in  each  measurement  is 
olven  in  parentheses.  Note  the  parallel  rises  in  nortal 
venous  and  wednea  hepatic  venous  pressure  durino  the  first 
few  minutes  after  endotoxin. 


0  60  120 
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fin.  4.  fffects  of  endotoxin  on  the  arterial  nressure  and 
the  portal  venous  pressure  In  a  symoathectoml zed-snlenec- 
tomized  don.  Note  the  similarity  In  portal  hypertension 
t>ct*wen  the  symoathectoml  zed  don  and  the  dons  with  Intact 
sympathetic*  (Fin.  3). 
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Flo.  S.  fffects  of  endotoxin  on  blood  viscosity  (at  a  shear 
rate  of  o.05  sec"  )  and  other  related  neasurements  on  a  nor¬ 
mal  dno  (soleen  intact)  and  a  snlenectO'Hzed  doo.  ?lote  the 
Increase  In  Mood  vlscosltv  In  the  oomal  doo  and  the  de¬ 
crease  In  the  snlenectonl  zed  dons.  These  are  accorr>an1ed 
by  parallel  chanocs  In  arterial  cell  "  and  olasna  protein 
concentration.  The  secondary  rise  in  T0'*  in  the  normal  doo 
follows  a  ti^e  course  oarallel  to  that  of  the  Increase  In 
viscosity.  no1se,  which  Is  eoual  to  ion  centlnoises,  Is 
used  as  the  unit  for  viscosity. 


* 


Tin.  f».  "elation  between  blood  viscosity  and  arterial  cell  per- 
centaoe  in  a  normal  don  before  (number  1)  and  after  (2  to  7) 
endotoxin,  r or  the  control  sample,  viscosity  was  determined 
not  onlv  on  the  oriainal  blood  (1  In  circles)  but  also  on  sam¬ 
ples  readjusted  to  hinder  cell  7  by  removino  various  amounts 
of  nlasma  (  1  in  trianoles  ).  The  values  on  these  control 
measurements  are  then  joined  bv  lines  which  are  curved  and  ex¬ 
tended  in  manners  accordlno  to  the  data  obtained  on  a  laroe 
•lumber  of  experiments.  As  shown  in  Fin.  5,  the  blood  viscos¬ 
ity  increased  nronressi vely  after  endotoxin,  and  this  Tin.  in¬ 
dicates  that  the  increase  in  viscosity  can  be  accounted  tor 
on  the  basis  of  the  rise  in  arterial  cell  In  fact,  the 
viscosity  values  on  samoles  2-5  fall  sinhtly  below  that  ex¬ 
pected  from  their  arterial  cell  *,  and  this  can  b«  attributed 
tc  the  decrease  In  nlasma  protein  concentration  In  these  sam- 
nles  (Fin.  5). 


000  120  180  000120180 
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Fin.  7.  Effects  of  endotoxin  (F)  on  the  plasma  volume  and  cell 
volume  in  normal  (spleen  Intact)  and  snlenectomized  dons.  Closed 
circles  and  crosses  represent  the  measured  values  and  onen  sym¬ 
bols  depict  the  volumes  corrected  for  samnllno  loss.  The  ver¬ 
tical  bars  denote  S.E.M.  Each  point  Is  the  averaoe  of  4  to  17 
determinations.  Note  the  prooressive  reduction  of  nlasma  vol¬ 
ume  in  normal  dons. 


fin.  R.  ff'ect-.  of  endotoxin  on  nlasma  volume  and  cell  vol- 
une  ir,  a  ron-al  doo.  The  thin  arrays  renresent  the  tine  of 
injections  o'  tro  test  substances  for  nla^ma  volume  (T-1824 
and  albumin-'.  1 '1  ’  and  cell  volume  (RHC-Cr*')  and  the  calcu¬ 
lated  volumes  (not  corrected  for  samolino)  are  oiven.  En¬ 
dotoxin  results  in  an  Immediate  rise  In  arterlal-cel 1  ner- 
ccntaoe  which  is  accomnanled  by  a  decrease  in  Cr5T  activity 
nor  unit  volume  of  KRC.  The  later  rises  in  arterial  cell 
nercentaoe  are  associated  with  decreases  in  olasna  volume. 
Note  the  delav  ir  nixlno  of  the  test  substances  Injected  be¬ 
tween  3?  aod  oo  nmutes  after  endotoxin. 


central  blood  volume 


Fin.  9.  Effects  of  en¬ 
dotoxin  (E)  on  the  to¬ 
tal  blood  volume  and 
central  blood  volume 
In  splenectoml zed  (spX, 
crosses)  and  normal  (sp. 
In.,  c1rcles)doq$.  Ver¬ 
tical  bars  represent 
S.E.M.  When  the  dif¬ 
ference  between  the 
splenectomlzed  dons  and 
normal  dons  Is  slnnlfl- 
cant  at  the  52  level 
(Student  t  test,  P<0.05), 
closed  circles  are  used 
for  the  values  obtained 
on  normal  dons.  Note 
the  laroer  per  cent  de¬ 
crease  In  central  blood 
volume  than  total  blood 
volume  In  both  oroups  of 
animals. 
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Fin.  10.  Fffects  of  en¬ 
dotoxin  (F)  on  the  cen¬ 
tral  blood  volume  of  ? 
syrnnathectoml zed-snlen- 
ectomlzed  dons.  The 
shaded  area  represents 
the  data  (mean  t  S.r.M. ) 
on  snlenectomlzed  dons 
(cf  Fin.  31  rind  Is  in¬ 
cluded  for  comparison. 
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Fin.  11.  Splanchnic  blood  volume  In  endotoxin  shock,  nlotted 
aqainst  mean  arterial  pressure  (left  panel)  and  total  blood 
volume  (rloht  panel).  The  results  on  splenectomized  doos  af¬ 
ter  hemorrhaoe  (areas  enclosed  by  thin  lines,  unpublished  data 
of  Chien  and  Usaml)  are  Included  for  comparison.  Note  the  pro- 
nresslve  increase  In  splanchnic  blood  volume  as  the  arterial 
nressure  is  reduced  to  less  than  40-50%  of  control.  The  dotted 
line  marked  1:1  In  the  rloht  panel  depicts  the  relationship  ex¬ 
pected  if  splanchnic  blood  volume  were  to  decrease  by  the  same 
proportion  as  the  total  blood  volume.  In  endotoxin  shock,  es¬ 
pecially  for  normal  doos  (spleen  Intact),  the  splanchnic  blood 
volume  increases  althouoh  the  total  blood  volume  Is  reduced. 


CNOOTOXIN 


Flq.  12.  A  diaaram  shovrinq  the  participation  of  various  fac¬ 
tors  1..  constitution  vicious  cycles  leadlnq  to  circulatory 
deterioration  In  endotoxin  shock. 
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Hg.  13.  Mfect  of  constant  pressure  and  constant  volume  pericardial 
tamponade  on  pericardial,  central  venous  and  arterial  pressure. 
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Fig.  14.  Influence  of  constant  pressure  and  constant  volume  pericardial 
tamponade  on  cardiac  output,  total  peripheral  resistance,  oxygen  con¬ 
sumption  and  heart  rate. 


V.  or  CONTROL 


Fig.  15.  Effect  of  con¬ 
stant  pressure  and  con¬ 
stant  volume  pericardial 
tamponade  on  hematocrit 
and  plasma  protein  con¬ 
centration. 


Fig.  10.  Influence  of 
constant  pressure  and 
constant  volume  pericar¬ 
dial  tamponade  on  central 
blood  volume  and  central 
mean  circulation  time. 
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